Abstract-
INTRODUCTION
In recent years, demand for methods of gas detection and measurement of their concentration has significantly increased. This interest is mainly due to environmental considerations, security or process control. The gas sensors have been the subject of intense research for many years. Sensors based on metal oxides have great potential and are of growing importance in the gas sensors market for large volume applications and low precision requirements [1] . However, such sensors require high temperatures (higher than 300°C), high power consumption and their operating mode at low frequencies implies the use of modulation techniques for the wireless transmission of the gas concentration measurements [2] .
Recently, the first sensor based on the electromagnetic (EM) transduction principle has been reported [3] [4] [5] . For such passive sensor the wireless transmission of data and the measurement of physical quantities -such as applied pressure, local temperature, and gas concentration-share the same electromagnetic wave. As illustrated in Figure 1 , the electromagnetic transduction principle requires no active power supply and no signal processing circuitry. In [3] [4] [5] , the interrogation of such passive sensors by a frequencymodulated signal for the remote measurement of pressure is proposed.
The first gas sensors based on the EM transduction principle is presented in this communication. This new generation of sensors uses a dielectric resonator operating with whispering-gallery-modes. The gas adsorption makes the relative permittivity of the dielectric resonator change and consequently it modifies the resonant frequencies of these modes thanks to dielectric relaxation phenomena [6] [7] . The dielectric resonator is a good candidate for gas detection due to its large surface area and sensitivity to external environments. The excitation of the dielectric resonator with whispering-gallery-modes has many advantages over the conventional excitation of transverse electrical or transverse magnetic modes [8] [9] . Moreover, it can operate in the azimuth direction that allows gas detection in every direction. A material such as titanium dioxide (TiO 2 ) is used as the sensitive layer for the dielectric resonator, as its dielectric permittivity is very sensitive to gas adsorption.
Previous results obtained from electromagnetic simulations [10] (DR) can adsorb gas molecules (like CO) and such adsorption induces a shift of the resonant frequencies of highly sensitive Whispering Gallery (WG) modes. As already said before, this transduction is given by the dielectric relaxation effect that occurs at high frequency.
The design of gas sensors based on the EM transduction principle has been previously reported by the authors in [10] [11] . In this communication we present for the first time the very first prototype of such gas sensors and their measured performances. Finally we show that the remote interrogation of an antenna loaded by the sensor with a frequencymodulated signal allows the wireless derivation of the gas concentration from the analysis of the backscattered signal.
II. TECHNOLOGICAL PROCESS OF GAS DETECTOR
The experimental validation of the design and electromagnetic simulations was carried out using BaSmTiOxide ceramic from TEMEX-CERAMICS [12] as a dielectric material for the DR instead of TiO 2 , as it is easier to fabricate by standard sintering techniques than metal oxide DR: the dielectric permittivity of this ceramics is 78.6 ±2 which is very close to TiO 2 . The fabricated WhisperingGallery mode resonator with its coplanar waveguide (CPW) feeding lines is shown in Figure 2 . The two parallel CPW are deposited over a SiO 2 /Si 3 N 4 membrane (1.4 µm) with Ti/Au metallization (1µm). Their characteristic impedance is 75Ω. The whole sensor is laid out on a high resistivity silicon substrate with εr=11.6 and thickness of H Si =400µm. The access 2 and 4 are loaded by 50Ω-impedances for the resonator. The DR diameter is 6.5 mm and its thickness is 350µm. The DR is mounted above the coplanar lines by using Al 2 O 3 dielectric spacer (εr=9.8) with diameter of 2.7mm and height of 260µm.
The measured transmission coefficient S13 in the millimeter-wave frequency range [25-30GHz] is reported in Figure 3 , compared with the simulation results. As expected, transmission peaks are observed at the resonant frequency of the WGE 5,0,0 , WGE 6,0,0 and WGE 7,0,0 modes. Compared with simulation results reported in [10] [11] , for example the measured magnitude of the transmission coefficient (-21dB) at the resonant frequency of the WGE 7,0,0 mode is lower than the HFSS TM [13] simulated one (-12 dB). A slight frequency shift (close to 110MHz) between the simulated and measured resonant frequency of the WGH 7,0,0 mode is also observed. These losses and frequency shift can be attributed to the line roughness, contact with RF probes, losses in the materials used and assembly technology used. Indeed, the assembly technique used does not allow precise placement of the dielectric resonator on the CPW (±50µm).
Due to the manufacturing tolerances, the three component (with the same dimensions) micro-machined on the same wafer (see fig.2 ) do not have identical transmission peak magnitudes and frequencies: for example, in figure 3 we can observe that the WGE 7,0,0 mode resonates at 29.4 GHz for the sensor 1, at 29.5 GHz for the sensor 2 and at 29.9 GHz for the sensor 3 .
Despite these small differences, thanks to these experimental results, we conclude that the design reported in [10] of the dielectric resonator operating with whisperinggallery-modes is clearly validated. 
III. INTERROGATION OF THE PASSIVE SENSOR BY A FREQUENCY-MODULATED SIGNAL
In order to validate the wireless communication and detection by RADAR, we have use the three passive sensors presented in last section that can be considered as gas sensor that resonates at three different frequencies; each frequency would correspond to a specific gas concentration. These three resonant frequencies (or gas concentration) can be measured from the FMCW RADAR interrogation of an antenna loaded by the resonator (passive sensor). As shown in Figure 5 , the sensor is now interrogated by a Frequency-Modulated (FM) signal via FM-Continuous Wave (CW) Radar [14] [15] [16] .
The frequency band [28. ] chosen for this radar includes the resonant frequency of the WGE 7.0.0 mode. A horn antenna is connected to one port of sensor via a length of coaxial cable (1 meter) while the other ports are loaded by 50Ω-impedances. The FM-signal is transmitted in the direction of the horn antenna and mixed with the backscattered signal to produce a low-frequency spectrum.
This radar use an identification technique which depends on the backscattered signal of the horn antenna (structural mode) and the cables delay line, a length of coaxial cable, connected to the cell (antenna mode). In the FMCW radar output spectrum, the beat frequency that allows measuring the location of the sensor can easily be detected (here the distance between the radar antenna and the sensor horn antenna is 3.4 m and consequently the beat frequency is 30 KHz ). Depending on the load applied to its output, on Figure 6 , the presence of the sensor checked. Table  1 shows the variation of the received radar amplitude for the three sensors studied, in loaded or open-circuit configuration. From Table 1 we observe that the magnitude of the radar signal is not the same for the three sensors. This implies that variations in the resonant frequency of WGE 7.0.0 mode can be remotely detected by radar interrogation. In real application, these shifts would originate by the variation of the detected gas concentration. Consequently, the remote interrogation of an antenna loaded by the sensor with a frequency-modulated signal allows the wireless derivation of the gas concentration from the backscattered signal. These measurements provide a first proof of concept for a complete wireless measurement system using a totally passive gas sensor and radar interrogation.
IV. CONCLUSION
First prototypes of passive gas sensors using Whispering Gallery Modes were developed. Measurement results show a good agreement between experience and simulation concerning resonant frequencies of these modes. The feasibility of the remote measurement of gas concentration from the FMCW RADAR interrogation of an antenna loaded by the passive sensor has been investigated. Future work will be focused on the experimental validation of the gas detection with TiO 2 as sensitive material and with a specific controlled atmosphere RF probe station.
